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ABSTRACT

Kerimasite {Ca;}[Zr,](SiFe3")O;,, a rare member of the garnet supergroup, has been identified in
association with andradite—grossular and their hydrated analogues, monticellite, perovskite, clintonite,
anhydrite, hydroxylellestadite—fluorellestadite, spinel, magnetite, brucite, valeriite and other minerals
from a Ca-Mg skarn in the exocontact of a granodiorite porphyry intrusion in Vysoka-Zlatno Cu-Au skarn-
porphyry deposit, the Stiavnica stratovolcano, Central Slovakia. Kerimasite forms euhedral-to-anhedral
crystals, 2 to 100 um across with 0.73—1.62 atoms per formula unit (a.p.f.u.) Zr (16.2—33.6 wt.% ZrO,),
0.34—0.66 a.p.fu. Ti (4.6—9.3 wt.% TiO,), 0.01 to 0.05 a.p.f.u. Hf (0.4—1.7 wt.% HfO,: the largest Hf
content reported in kerimasite), and small amounts of Sn, Sc and Nb (<0.02 a.p.f.u.). Tetrahedral Si
(0.99—1.67 a.p.fu.; 9.8—18.1 wt.% Si0,) is balanced by 0.85—1.26 a.p.f.u. Fe*"and by 0.46—0.76 a.p.f.u.
Al. The crystals commonly show regular, oscillatory concentric zoning or irregular patchy internal
textures due to Zr, Ti, Fe, Al and Si variations during growth or partial alteration and dissolution-
reprecipitation. The main substitutions in kerimasite are y(Fe,Sc)3 T+ 281 = Y(Zr, TLHL,Sn)*" + 4(Fe,Al*"
and Ti*' = Zr*". Associated andradite locally contains irregular Ti- and Zr-rich zones with <11 wt.%
TiO, and <4.4 wt.% ZrO,. In comparison with common Ca-rich garnets, the micro-Raman spectrum of
kerimasite shows that many bands shift towards much lower wavenumbers, either due to Fe*" substitution
on the Z site or to the strong influence of neighbouring octahedrally-coordinated Zr*" on internal
vibrations of tetrahedra that share oxygens. The formation of kerimasite, monticellite, perovskite and other
phases indicate a relatively Ca-rich and Si,Al-poor environment, analogous to other known occurrences of
Ca-Zr garnets (Ca-rich skarns and xenoliths, carbonatites). Kerimasite and associated skarn minerals
originated during contact-thermal metamorphism of Upper Triassic marl slates with limestone, dolomite,
anhydrite and gypsum by Miocene granodiorite porphyry at 7 &~ 700°C and P ~ 50—70 MPa.

Kevworbps: kerimasite, garnet, skarn, electron microprobe, micro-Raman, contact thermal metamorphism,
Cu-Au skarn-porphyry deposit, Stiavnica stratovolcano, Slovakia.

Introduction
is usually small (<I wt.%) in common YAl-

ZIRCONIUM and titanium belong to the most
common tetravalent elements occupying the
octahedral Y site of the garnet supergroup
minerals (Grew et al., 2013). Their concentration
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dominant members (almandine, spessartine,
pyrope), whereas Ca-rich garnets could be
enriched markedly in Zr and Ti (e.g. Milton et
al., 1961; Koritnig et al., 1978; Platt and Mitchell,
1979; Munno et al., 1980; Lupini et al., 1992;
Ulrych et al., 1994; Jamtveit et al., 1997; Gwalani
et al., 2000; Schingaro et al., 2001; Haynes et al.,

https://doi.org/10.1180/minmag.2015.079.3.15 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2015.079.3.15

PAVEL UHER ET AL.

2003; Galuskin, 2005; Chakhmouradian and
McCammon, 2005; Galuskina et al., 2005,
2010a—d, 2013a,b; Katerinopoulou et al., 2009;
Zaitsev et al., 2010). All these Ti and Zr species
originated in specific natural conditions, generally
enriched in Ca, Ti and Zr but poor in Al and Si,
such as alkaline magmatic suites, carbonatites,
lamprophyre dykes, or metamorphic/metasomatic
carbonatic lithologies, especially skarns, rodin-
gites and Ca-rich xenoliths in volcanic rocks.
Hutcheonite is reported from the Allende
carbonaceous chondrite (Ma and Krot, 2014).
Recently, three Ti-dominant and four Zr-domi-
nant garnet species have been described and
defined (Grew et al., 2013 and references therein;
Ma and Krot, 2014): usturite, elbrusite, hutch-
eonite, kimzeyite, schorlomite, kerimasite and
morimotoite (Table 1).

Kerimasite, ideally {Ca;}[Zr2](SiFe3")O,,
represents a rare member of the garnet super-
group, described only recently from carbonatite
rocks of the Kerimasi volcano and surrounding
explosion craters (Tanzania) in the East-Africa
rift system (Zaitsev et al., 2010). However, the
Zr,Ti-rich garnets consisting of kerimasite—
kimzeyite—schorlomite solid solution (kerimasite
was formerly known as “Fe**-kimzeyite”) were
also reported from carbonate-rich lamprophyre
from Marathon Dikes, Ontario, Canada (Platt and
Mitchell, 1979), the Magnet Cove carbonatite,
Arkansas, USA (Lupini et al., 1992; Haynes et al.,
2003), Polino carbonatite, Italy (Lupini et al.,
1992), melilitic volcanic ejecta from Anguillara
Sabazia, Italy (Schingaro ef al., 2001), rodingite-
like rocks from Wiluy River, Sakha (Yakutia),
Russia (Galuskin, 2005; Galuskina et al., 2005,
2010a) and carbonate-silicic skarn xenoliths from
the Upper Chegem Caldera, Kabardino-Balkaria,
Russia (Galuskina et al., 2010b—d, 2013a,b).

However, kerimasite occurrences are rare and
our knowledge about this mineral is still limited.
Consequently, here we present a detailed descrip-
tion of kerimasite in a contact-metamorphic skarn
mineral assemblage from the Vysoka-Zlatno Cu-
Au skarn-porphyry deposit, central Slovakia.
Compositional variations, results of micro-
Raman spectroscopy and genetic conditions of
kerimasite from this locality are described and
discussed in our contribution.

Regional geology and sample location

The Vysoka-Zlatno Cu-Au skarn-porphyry
deposit occurs in the western part of the central
zone of the Stiavnica stratovolcano, hosted by
the Central Slovakia Neogene Volcanic Field,
located on the inner side of the Carpathian arc.
The Cu-Au skarn-porphyry mineralization in this
district is related to granodiorite and quartz-
diorite porphyry dyke clusters and stocks (Lexa
et al., 1999; Kodéra et al., 2010). The porphyry
intrusion of granodiorite to quartz diorite
belongs to the Zlatno Intrusive Complex of the
second evolution stage of the Stiavnica strato-
volcano; the plutonic rocks of the stratovolcano
show a Miocene age of 13.3 and 13.4 £0.2 Ma
according to Rb-Sr whole-rock mineral
isochrons (Chernyshev et al., 2013), in accor-
dance with the U-Th-Pb zircon dating by
sensitive high-resolution ion microprobe
(SHRIMP; ~13 Ma, Kohut and Danisik, 2013).
Major Cu-Au mineralization overlaps with the
zone of skarns at contacts between the biotite-
amphibole granodiorite porphyry stock and
Upper Triassic sediments rich in carbonates
(limestones, dolomites) and evaporites (anhy-
drite, gypsum) of the Veky Bok Group (Kodéra
et al., 2010).

TaBLE 1. End-member formulae and classification of Zr- and Ti-bearing members of the garnet
supergroup (Grew et al., 2013; Ma and Krot, 2014).

Member Formula Group Class
Usturite {Cas}[Sb " Zr](Fe3 N0 Bitikleite Oxide
Elbrusite {Caz} [US5Zr, 5] (Fe%*)O 12 Bitikleite Oxide
Hutcheonite {Ca3}[Ti,](SiAL)O1, Schorlomite Silicate
Kimzeyite {Caz}[Zr,](SiAly)Oq, Schorlomite Silicate
Schorlomite {Ca3}[Tiz](SiFe§+)012 Schorlomite Silicate
Kerimasite {Cas}[Zr,](SiFe3 0> Schorlomite Silicate
Morimotoite {Cas}[TiFe®"](Si3)01» Garnet Silicate
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The skarn mineralization is of Mg-Ca type,
developed in both altered dolomites and lime-
stones (exoskarns) and on the margins of the
granodiorite intrusion (endoskarns) at depths of
~670 to 1000 m (Burian and Smolka, 1982). The
skarn rocks are represented variably by prograde
and retrograde Mg- and Ca-skarn mineral
assemblages (Kodéra er al., 2010); major
prograde stage minerals include mainly forsterite,
wollastonite, diopside, garnet (andradite-gros-
sular), monticellite, spinel, Mg-rich magnetite
and ilmenite. Retrograde mineral assemblages
could be subdivided into (1) an older, higher-
temperature substage with phlogopite and chlorite
accompanied by actinolite-tremolite, clintonite,
epidote, titanite and vesuvianite and (2) a
younger, lower-temperature substage with talc,
serpentinite, brucite, hydroxylellestadite, anhy-
drite and carbonates with magnetite, hematite,
sulfide minerals (pyrrhotite, pyrite, chalcopyrite,
sphalerite, molybdenite) and rare gold (Kodéra et
al., 2010 and references therein).

In the present study, kerimasite and associated
minerals have been studied from a sample of Mg-
Ca skarn from the R-1 borehole, from a depth of
677 m, located on the northern margin of the
Vysoka-Zlatno Cu-Au skarn-porphyry deposit
(sample R-1/677). The borehole is situated in
the eastern slope of the Zlatno Valley, ~2 km
northwest of the Vysoka village and ~10 km
southwest of the Banska Stiavnica town, central
Slovakia. Geographical coordinates of the R-1
borehole are: 48°25'42” N 18°46"20" E.

Analytical methods

Polished thin sections of the rock were studied
under a polarizing microscope. Chemical compo-
sitions and internal zoning of minerals were
investigated using the CAMECA SX 100 wave-
length electron microprobe housed at the Dionyz
Star State Geological Institute, Bratislava.
Analytical conditions were 15 kV accelerating
voltage, 20 nA sample current and a 1-3 um
beam diameter for garnet and associated minerals.
The following standards and spectral lines were
used for calibration: apatite (PKa), ferrocolumbite
(NbLa), manganotantalite (TaLa), orthoclase
(SiKo, KKwo), TiO, (TiKo), ZrSiO4 (ZrLa), HfO,
(HfLa), Al,O3 (AlKa), metallic Cr (CrKor), ScPO,4
(ScKa), YPO,, (YLa), fayalite (FeKor), rhodonite
(MnKo), willemite (ZnKa), forsterite (MgKa),
wollastonite (CaKw), albite (NaKa), LiF (FKo)
and NaCl (ClKa). The detection limits of the
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measured elements were 0.02—0.08 wt.%.
Examination of energy dispersive spectroscopy
data revealed no measurable concentrations of
other cations reported in garnet such as As, U, V,
Sb, rare earth elements and Zn in the kerimasite
studied. Moreover, measured amounts of Mn, Na,
F and Cl concentrations are usually below the
detection limit of the electron microprobe. The
matrix effects were corrected using the PAP
procedure of Pouchou and Pichoir (1985).

Micro-Raman spectra were measured using a
LabramHR (Horiba Jobin-Yvon) microspectrom-
eter, based on an Olympus BX41 microscope with
a confocally coupled Czerny-Turner type mono-
chromator (focal length 800 mm) at the Geological
Institute, Slovak Academy of Sciences, Banska
Bystrica. A polarized laser emission at A = 532 nm
was used for excitation (frequency-doubled
Nd:YAG laser). No shift of peak positions due
to thermal effects was observed when excited
through a series of neutral density filters, which
justified excitation with full power at ~200 mW on
the sample. The Raman-scattered light was
collected in 180° geometry through a 100 x
objective lens with numerical aperture of 0.8 and
dispersed by diffraction grating with a density of
1800 g.mm™' onto a cooled CCD detector,
exposure time was 200 s. The measurement
accuracy was verified using emission lines of a
neon glow lamp. Possible artifacts and photo-
luminescence peaks were excluded after compar-
ison with spectra excited by a 633 nm laser line.
The Raman spectrum was acquired in the range
50—4000 cm ™' in order to check for the presence
of hydroxyl/water in the structure. Peak fitting and
deconvolution was performed with the PeakFit™
program (SeaSolve Software Inc.), spectra were
fitted to the minimum number of Gauss-
Lorentzian components to accurately match the
measured curve. Raman tensors were calculated
on the Bilbao crystallographic server (Aroyo et al.,
2006a,b; 2011; Kroumova et al, 2003) using
crystallographic data from the American
Mineralogist Crystal Structure Database (Downs
and Hall-Wallace, 2003).

Results
Kerimasite occurrence

Kerimasite garnet occurs as a rare accessory
mineral in the monticellite-rich skarn rock. Under
the optical microscope, kerimasite shows trans-
parent isometric crystals with pale yellow colour
and high positive relief (Fig. 1), without apparent
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anomalous birefrigence in crossed polars.
Kerimasite usually forms individual euhedral-to-
anhedral crystals, 20 pm to ~100 um across in
andradite—grossular, monticellite, clintonite and
anhydrite, in association with perovskite, spinel,
Mg-rich magnetite (~5 wt.% MgO), hydroxyl-
ellestadite—fluorellestadite, brucite, valleriite and
other minerals (Figs 1, 2a,b). Locally, irregular
intergrowths or overgrowths of andradite—grossular
and perovskite on kerimasite are present (Fig. 2b).
Rarely, kerimasite occurs as tiny (<10 pm)
anhedral skeletal-like crystals or irregular inclu-
sions in massive zonal andradite (Fig. 2c¢). Detailed
descriptions of associated monticellite, clintonite,
hydroxylellestadite—fluorellestadite and perovskite
are included in papers by Kodéra et al. (2009) and
Uher et al. (2011).

Kerimasite composition

Crystals of kerimasite show regular, oscillatory
concentric zoning or irregular patchy internal
textures (Fig. 2d—f). Both regular and irregular
zoning display variations of Zr, Ti, Fe, Al and Si
during the growth or partial alteration and
dissolution-reprecipitation: the pale zones show
enrichment in Zr and Al, whereas the dark ones
reveal larger amounts of Ti, Fe and Si.

Over 40 electron-microprobe analyses of 18
individual crystals of kerimasite reveal an
extensive compostional variation (Table 2).
Totals of kerimasite electron-microprobe analyses
are usually close to 100 £ 1 wt.%. The results of
the micro-Raman spectroscopy (see the next
section) indicate the absence or an insignificant
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FIG. 1. (a,b) Photomicrographs (plane-polarized light) of kerimasite crystals (yellow, centre) from the Vysoka-Zlatno
skarn. Mineral abbreviations: Krm — kerimasite, Adr — andradite, Anh — anhydrite, Cln — clintonite, Mag —
magnetite, Mtc — monticellite; Prv — perovskite.

amount of the hydroxyl anion. Consequently, the
kerimasite formulae were calculated on the basis
of 12 oxygen anions, 8 cations and a charge-
balance calculation which enabled the estimation
of Fe*" and Fe?" (Fe,Os vs. FeO) contents. The
site allocations were calculated according to the
procedure of Grew et al. (2013).

The X site position of kerimasite formulae is
occupied almost entirely by calcium. Only
negligible amounts of Sr were detected locally
(<0.006 a.p.fu., <0.1 wt.% SrO).

Zirconium is a dominant element of the
octahedral Y site of the kerimasite studied; it has
0.73 to 1.62 a.p.fu. (16.2 to 33.6 wt.% ZrO,).
Titanium concentrations are distinctly smaller,
they have 0.34 to 0.66 a.p.fu. (4.6 to 9.3 wt.%
TiO,) and atomic ratio Zr/(Zr+Ti) = 0.53—0.83.
Calculated contents of "Fe** show wide variations
(0.00 to 0.50 a.p.f.u.), whereas estimates of YAl
contents indicate its absence from the Y site.
Minor contents of Hf, Sn, Sc and Nb are also
characteristic of the kerimasite investigated; they
reach 0.01 to 0.05 a.p.fu. Hf (0.4 to 1.7 wt.%
HfO,), up to 0.02 a.p.f.u. Sn (<0.45 wt.% SnO,),
up to 0.02 a.p.fu. Sc (<0.29 wt.% Sc,03) and up
to 0.01 ap.fu. Nb (<0.23 wt.% Nb,Os).
Concentrations of other measured elements (Ta,
Cr and Mg) are usually close to or below the
detection limits of the electron microprobe.

The tetrahedral Z site of the kerimasite studied
is occupied by Si, Fe** and Al. Contents of Si
(0.99 to 1.67 a.p.fu.; 9.8 to 18.1 wt.% SiO,) are
balanced by 0.85 to 1.26 a.p.fu. Fe*"and by 0.46
to 0.76 a.p.f.u. Al. Phosphorus shows only trace
concentrations (<0.1 wt.% P,0s).
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FiG. 2. Backscattered electron images of kerimasite and associated minerals from the Vysoka-Zlatno skarn. Mineral

abbreviations: Adr — andradite-grossular, Anh — anhydrite, Brc — brucite, Cal — calcite, Cln — clintonite, Els —

ellestadite, Krm — kerimasite, Mtc — monticellite, Prv — perovskite; (a) small kerimasite crystal in association with

anhydrite, andradite, brucite, monticellite, clintonite, calcite and perovskite; (o) kerimasite—perovskite intergrowth

with andradite and associated minerals; (c) irregular skeletal atoll-like kerimasite crystals in andradite with

associated ellestadite and brucite; (d—e) crystals of kerimasite showing regular, fine oscillatory concentric zoning;
(f) anhedral kerimasite grain with an irregular patchy internal texture.
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3.020

0.008

0.000

0.000
3.056

<
Z

3.000

3.012

3.004

3.033

3.048

Sum X

0.63
0.82

0.65 0.63 0.66 0.68 0.65 0.66 0.64 0.64 0.63 0.64 0.62 0.63 0.64 0.62
0.61 0.71 0.76 0.74 0.75 0.75 0.79 0.80 0.79 0.78 0.81 0.82 0.82

0.58

0.65
0.53

7 Fe*/(Fe* +Al)

Ze/(Zr+Ti)

Generally, the kerimasite compositions show a
distinct dominance of the CasZr,SiFe3 0, end-
member (Fig. 3), however in some places the dark
zones reveal compositions towards andradite or
grossular (Fig. 4). The (Fe,Sc)*" + 7Si*" =
Y(2r, Ti,HE,Sn)*" + %(Fe,Al)*" couple substitution
represents the principal mechanism driving the
compositional variations in the kerimasite studied
(Fig. Sa—d). This complex coupled substitution is
also responsible for deviation of the partial *Ti*"
= "7r*" exchange vector (Fig. 5¢).

Micro-Raman spectroscopy of kerimasite

Factor-group analysis of garnet (space group
Ia3d) yields 25 Raman active modes: 3A,,, 8E,,
14T,,. There are 14 internal stretching (Z—O)g,
and bending (Z—O)peng Vvibrations in ZO, tetra-
hedra (2A,, + 5E, + To,), four rotations of
tetrahedra (ZO4)ror (1A, + 1E, + 2T5,), four
translations of tetrahedra (ZO4)ians (1Eg + 3Tog)
and three vibrations involving a divalent X-site
cation, especially Ca>" (1E, + 2T,,). Vibrations
of octahedrally coordinated Y-site cations are
Raman inactive, therefore no direct information
on the Y-site occupancy (mainly Zr, Ti, Al, Fe*")
could be obtained (Kolesov and Geiger, 1998;
Katerinopoulou et al., 2009).

Several well developed crystals of kerimasite
were selected for detailed Raman spectroscopic
study (Fig. 6; Table 3). Compared to common
Ca-rich garnets, many Raman bands are shifted
towards much lower frequencies, either due to
Fe** substitution on the Z site (mainly among
(Z04)rans and (ZO4)or) or due to the strong
influence of neighbouring octahedrally-coordi-
nated Zr (Ti) cations on the internal vibrations
of tetrahedra, that share oxygens. The detailed
Raman spectra assignments are described and
discussed in the Discussion section.

Associated garnets

Kerimasite commonly associates with other Ca
garnets: andradite—grossular and their hydrated
analogues. The andradite—grossular solid solution
occurs as anhedral grains or aggregates, up to
~200 pm in size, which commonly form over-
growths on kerimasite (Fig. 2b—c). Andradite—
grossular reveals irregular internal zoning due to
variations in Fe and Al. The "[Fe*'/(Fe*'+Al)]
ratio shows wide variations (0.18 to 1.00). In
some cases, tiny irregular Ti- and Zr-rich
andradite zones were detected; they contain up
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Zrl(Zr+Ti) Y site
Fic. 3. Fe*"/(Fe*" + Al) Z site vs. Zr/(Zr + Ti) Y site classification diagram (atomic proportions) of kerimasite from
the Vysoka-Zlatno skarn in comparison with other known occurrences (compositions with “Ti+“Fe** < 0.3 a.p.fu.;
Platt and Mitchell, 1979; Lupini et al., 1992; Schingaro ef al., 2001; Haynes et al., 2003; Galuskin, 2005; Galuskina
et al., 2005, 2010a,b; Zaitsev et al., 2010).

TaBLE 3. The Raman wavenumbers of vibrational modes (cm™") and their attribution to bands and symmetry
in kerimasite from the Vysoka-Zlatno skarn compared with data of Schingaro ef al. (2001) and Zaitsev et al.
(2010). Band labelling is after Pinet and Smith (1993).

Kerimasite Bands Attribution Symmetry Kimzeyite to kerimasite Kerimasite
— (this work) — (Schingaro et al., 2001) (Zaitsev et al., 2010)

987 I (Si—O)gr Tag - - -

877 11 (Si—O)gr Al - - 875
843—845 I (Si—O0)gr Eyt T, - - 830
819-821 v (Si—0)gyr Tag - - -
782—783 v (Fe*" —O)gr Tog 783 1L, 11, IV 785
731-732 Il (Fe* —0)gy Alg 730 II, 1L, IV 732
574—-577 2V/VI (Z—O)bend Ey/To, - - 573
503 VIII (Z—O)pena E, + To, - - -
500—-501 VII (Z=O)bend Ajg 505 A1 500
412—-414 X (Z—O)pend Ty, 424 not attributed 414
342-343 Xb (ZO4)rot Ay, - - -
300—302 X1 (ZO4);0t E, 311 Xb 298
265-266 X1V (ZO4)rans Tae - - -
242-243 XV Kirans Tae 253 not attributed 243
151152 XVI Xisans E, + Tog 159 XVI 152
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B Marathon Dykes
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Fe2Si
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Fe’*
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Fic. 4. Si—Fe*"—Al Z site diagram (Zaitsev et al., 2010, modified; atomic proportions, at.%) of kerimasite from the
Vysoka-Zlatno skarn in comparison with other known occurrences [compositions with Si > #(Ti, Fe*") and Si + “Ti >
0.5 a.p.fu.; Platt and Mitchell, 1979; Lupini ez al., 1992; Schingaro et al., 2001; Haynes et al., 2003; Galuskin, 2005;
Galuskina et al., 2005, 2010a,b,d; Zaitsev et al., 2010]. The apex where Si = 100 at.% represents andradite (Adr) and
grossular (Grs) end-members. The horizontal line at 33.3 at.% Si represents the end-member Z-site compostions of
kerimasite (Krm), schorlomite (Scr) for Fe** > Al and kimzeyite (Kmz), hutcheonite (Htc) for Al > Fe*".

Discussion and conclusions

to 11 wt.% TiO, and <4.4 wt.% ZrO, (Table 4). Crystal chemistry of kerimasite

Smaller totals (~90 to 97 wt.%) and significant
deviations from ideal stoichiometry based on
anhydrous formulae (12 oxygen anions) indicate
the presence of a hydroxyl anion in the structure
of these garnets, also confirmed by micro-Raman
spectroscopy. Internal vibrations of (OH) ™ anions
are pronounced as a broad feature between 3500
and 3700 cm™' (Fig. 7). Consequently, the
formulae were normalized on the basis of three
cations for the sum of the X site (Table 4). Some
compositions of these hydroxyl-bearing garnets
show significant deficiency of calculated Si (1.98
to 2.27 a.p.fu) and an absence, or lack, of
calculated tetrahedral Al and Fe®™ (0.00 to
0.11 a.p.fu.). Such formulae are close to holt-
stamite, [end-member formula:
Ca;Al,Si,[J0g(OH)4] or its Fe**-dominant,
Ti,Zr-rich analogue [CasFe3"Si,[10g(OH)4] with
"TFe*/(Fe*™+Al)] = 0.90 (Table 4). However,
without definite documentation of holtstamite,
such as X-ray diffraction, these compositions are
best referred to as hydrated grossular or hydrated
andradite.

723

Kerimasite and kimzeyite belong to garnets of the
schorlomite group with principal Zr*' cation
occupancy in the Y site, and dominance of
trivalent cations (M>" = Fe**, Al) over Si*" in
the tetrahedral Z site. Kimzeyite compositions
show AI>Fe’", whereas in kerimasite Fe’™>Al,
their end-member formulae are {Caz}[Zr,]
(SiAly)O;, and {Ca3}[Zr2](SiFe§+)012, respec-
tively (Milton et al., 1961; Zaitsev et al., 2010;
Grew et al., 2013; Table 1).

The X site of the Vysoka-Zlatno kerimasite is
filled almost exclusively by Ca*" (2.988 to
3.086 a.p.f.u.); the same feature is characteristic
of kerimasite—kimzeyite from all known occur-
rences: Wiluy River, Russia (Galuskin, 2005;
Galuskina et al., 2005, 2010a), Upper Chegem,
Russia (Galuskina et al., 2010b—d, 2013a,b),
Magnet Cove, U.S.A. (Milton et al., 1961; Lupini
et al., 1992; Haynes et al., 2003), Stromboli, Italy
(Munno et al., 1980), Anguillara Sabazia, Italy
(Schingaro et al., 2001) and Kerimasi, Tanzania
(Zaitsev et al., 2010). A moderate surplus of Ca or
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Fi1G. 5. Composition and substitution diagrams of kerimasite from the Vysoka-Zlatno skarn with position of the
kerimasite end-member composition (+) in @ and b: (@) Si (Z site) vs. Ti + Zr + Hf + Sn (M*" cations in Y site); (b) Cr
+Sc+Y +Fe** (M** cations in ¥ site) vs. Al + Fe*" (M>" cations in Z site); (¢) Ti vs. Zr + Hf + Sn (M*" cations in ¥
site); (d) Y(Fe** + Sc) + “Si vs. Y(Zr + Ti + Hf + Sn) + 4(Fe*™ + Al).

an X-site content above theoretical value (~3.03 to
3.26 a.p.f.u.) is another specific phenomenon of
kerimasite—kimzeyite solid solution, determined
by both the classical wet and electron-microprobe
analyses (Milton et al., 1961; Lupini et al., 1992;
Schingaro et al., 2001; Haynes et al., 2003;
Galuskina et al., 2010b,c; Zaitsev et al., 2010).
However, the reason for this surplus in the X site
and deviation from the ideal garnet stoichiometry
is still not clear. It could be the result of a vacancy
in the Z site which, calculated on an anion basis
produces X site surplus. The vacancy could be
charge-balanced by the presence of hydroxyl

724

groups (Peters, 1965; Pasaglia and Rinaldi,
1984; Lager et al., 1989; Galuskina and
Galuskin, 2003; Galuskin, 2005) or by the
substitution of cations with higher charge in
neighbouring octahedral and tetrahedral sites.
We can make some assumptions based on
charge of sites after variable calculations of the
formula. If we calculate the R1B41C analysis on
the basis of 12 oxygen atoms, we get the formula
with the largest X-site surplus of 3.056 a.p.fu.
(Table 2). The charge of the X site is 6.11, while
the total charge of both octahedral and tetrahedral
sites is 17.89. Therefore, there is a charge excess
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Fi6. 6. Raman spectra of kerimasite from the Vysoka-Zlatno skarn recorded for two different crystal orientations.

in the X site and a charge deficiency in other sites. basis of X = 3 a.p.fu. gives the formula:

A similar charge ratio is also found in samples {Ca2A997Sr0,003}BAOOO[Zrm13Ti0A634FeSf585$cOA017

with smaller X-site surplus. The calculation on the Hf.016Mg0.015S10.000Nbg.007Mng 003 T20.001]52.000
lattice

| vibrationy ~ Si-O internal vibrations luminescence O-H

Intensity (a.u.)
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FiG. 7. Raman spectra of hydrated andradite from the Vysoka-Zlatno skarn.
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TABLE 4. Representative electron-microprobe compositions (wt.%) of andradite, Ti,Zr-rich andradite (TiZr
Adr), grossular and hydrated grossular and andradite from the Vysoka-Zlatno skarn.

Mineral Andradite TiZr Adr Grossular Hydrated grossular and andradite
Sample # RI1AO01 RIC17 RIB37C  RI1AO03 RICI18 RI1C21 R1C22  RIBO2E
P,05 0.03 0.00 0.08 0.04 0.00 0.04 0.05 0.63
Nb,Os 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.18
SiO, 32.78 29.47 23.61 32.52 27.70 29.39 30.04 24.38
TiO, 0.73 0.94 11.00 0.15 0.03 0.05 0.04 6.96
ZrO, 0.04 3.25 4.43 0.11 0.00 0.00 0.00 3.71
HfO, 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.13
SnO, 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.05
AL O4 7.09 9.73 222 12.32 18.04 16.27 17.54 2.57
Cr,04 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09
Sc,05 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.19
Fe,05 20.87 17.21 24.23 14.40 6.21 8.43 7.03 20.69
MgO 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00
CaO 35.02 34.92 33.74 36.11 37.42 37.35 37.18 34.48
Total 96.56 95.52 100.04 95.65 89.47 91.53 91.88 94.06
Formulae normalized on the basis of X = 3 a.p.f.u. and 12 anions

P 0.002 0.000 0.006 0.003 0.000 0.003 0.003 0.043
Si 2.621 2.363 1.959 2.522 2.073 2.203 2.262 1.980
Al Z 0.000 0.142 0.217 0.000 0.000 0.000 0.000 0.113
Fe Z 0.000 0.000 0.416 0.000 0.000 0.000 0.000 0.000
Sum Z 2.623 2.505 2.598 2.525 2.073 2.206 2.265 2.136
Nb 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.007
Ti 0.044 0.057 0.686 0.009 0.002 0.003 0.002 0.425
Zr 0.002 0.127 0.179 0.004 0.000 0.000 0.000 0.147
Hf 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.003
Sn 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.002
Al 0.668 0.778 0.000 1.126 1.591 1.438 1.557 0.133
Cr 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.006
Sc 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.013
Fe 1.256 1.038 1.097 0.840 0.350 0.476 0.398 1.264
Mg 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000
Sum Y 1.970 2.000 2.000 1.979 1.951 1.917 1.957 2.000
Ca X 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Sum cations 7.592 7.505 7.599 7.503 7.023 7.122 7.223 7.136
o 10.450 10.062 10.646 10.053 8.139 8.581 8.936 9.065
OH 1.550 1.938 1.354 1.947 3.861 3.419 3.064 2.935
Sum anions 12.000 12.000 12.000 12.000 12.000 12.000 12.000 12.000
Cation charge 22.450 22.062 22.646 22.053 20.139 20.581 20.936 21.065
Anion charge 22.450 22.062 22.646 22.053 20.139 20.581 20.936 21.065
"TFe¥' /(F* +AD]  0.65 0.57 1.00 0.43 0.18 0.25 0.20 0.90

(Sil4630Fe(3).+761A10.463P04002)22.856012~ The charge
of the X 'site is exactly 6.00 but the charge in other
sites decreases even more, to 17.57. This contra-
dicts the presumption of charge excess in the YV

and Z sites and supports the hydroxylation of
oxygens in the tetrahedral position. However, the
largest calculated content of H,O in kerimasite
only reaches 0.24 wt.% and such a low
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concentration was not detected by the micro-
Raman spectroscopy (see the next section).

In the Y site, Zr*" is the dominant cation of
kerimasite. However, kerimasite compositions
from described world localities show two basic
compositional varieties (Fig. 8). (1) Ti-rich
kerimasite contains larger amounts of Ti*"
(0.34 to 0.76 a.p.fu.) and in some cases also
Fe** (up to ~0.6 a.p.f.u.), but small to negligible
amounts of other octahedral cations (mainly
S¢™, sn*', Sb¥T, NbT, U6+). Such compositions
are typical for kerimasite from the investigated
Vysoka-Zlatno skarn, the Magnet Cove
carbonatite (Lupini et al., 1992; Haynes et al.,
2003), carbonate-rich lamprophyre from
Marathon Dikes, Ontario, Canada (Platt and
Mitchell, 1979), Polino carbonatite, Italy
(Lupini et al.,, 1992), the Anguillara Sabazia
melilite ejecta (Schingaro et al., 2001), the
Wiluy River rodingite skarn (Galuskin, 2005;
Galuskina et al., 2005, 2010a) and also occur
rarely in the Upper Chegem caldera (Galuskina
et al., 2010b) and in the Kermasi carbonatite
(Zaitsev et al., 2010). (2) Ti-poor kerimasite

compositions with Ti <0.26 a.p.f.u. and high
concentrations of other octahedral cations
(mainly Sc**, Sn*, Sb>*, Nb>*, U®"). They
represent solid solutions between the kerimasite
end-member (or its Ti-analogue with Ti > Si in
Z site) and newly discovered garnets from skarn
xenoliths in the Upper Chegem Caldera:
bitikleite, usturite, elbrusite, toturite, irinarassite
and dzhuluite (Galuskina et al., 2010b—d,
2013a,b). Moreover, kerimasite from its type
locality (the Kerimasi carbonatite volcano and
adjacent alluvial sediments), represents a Nb-
rich variety with 0.04 to 0.48 Nb a.p.f.u. (Zaitsev
et al., 2010), towards the hypothetical
{Cas}[NbZr](Fe3 )0, end-member.
Kerimasite, as a Zr-rich mineral, usually
includes some hafnium, an element with high
geochemical affinity to Zr. Measured Hf concen-
trations in the Vysoka-Zlatno kerimasite reach the
largest values of this element ever reported in this
mineral: 0.4 to 1.7 wt.% HfO,, 0.01 to
0.05 a.p.f.u. (Table 2; Fig. 9). Published Hf
contents range from ~0.1 to 0.8 wt.% HfO,, up
to 0.02 a.p.f.u. (Galuskin, 2005; Galuskina et al.,
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FiG. 8. "Ti vs. Zr compositional diagram (atomic proportions) of kerimasite from the Vysoka-Zlatno skarn in
comparison with other known occurrences (Platt and Mitchell, 1979; Lupini et al., 1992; Schingaro et al., 2001;
Haynes et al., 2003; Galuskin, 2005; Galuskina et al., 2005, 2010a—d, 2013a,b; Zaitsev et al., 2010) showing Ti-rich

and Ti-poor kerimasite compositions.

727

https://doi.org/10.1180/minmag.2015.079.3.15 Published online by Cambridge University Press


https://doi.org/10.1180/minmag.2015.079.3.15

PAVEL UHER ET AL.

2005, 2010a—d; 2013a,b; Zaitsev et al., 2010). A Micro-Raman spectroscopy of kerimasite

near end-member hafniun analogue of kerimasite
(CazHf,Fe;Si01,) and hafnian kerimasite—
kimzeyite intermediate composition
(CazHf,FeAlSiO,) have been synthesized
(Whittle et al., 2007). The average Zr/Hf weight
ratio of the kerimasite investigated is 33.3, a value
consistent with the continental crust (e.g. Taylor
and McLennan, 1985).

The kerimasite formula in an ideal kerimasite—
kimzeyite solid solution shows atomic Fe* > Al
and (Fe’",Al) > Si relations in the tetrahedral
Z-site position. The Z[Fe3+/(Fe3++Al)] ratio is
0.61 to 0.70 in the samples investigated and these
values fit into the range for other reported
kerimasite compositions (0.50 to 0.82; Lupini et
al., 1992; Schingaro et al., 2001; Haynes et al.,
2003; Galuskin, 2005; Galuskina et al., 2005,
2010a—d, 2013a,b; Zaitsev et al., 2010).
However, crystal-chemical formulae of Sn-, Sb-
and U-rich and 'Ti-poor kerimasites from the
Upper Chegem skarn xenoliths indicate an
important presence of Ti*" (up to 0.54 a.p.fu.)
and Fe?" (up to 0.33 a.p.f.u.) in the tetrahedral Z
site, in some cases with “Ti > Si or “Fe*t > Si
(Galuskina et al., 2010b—d, 2013a,b).

The assignment and interpretation of kerimasite
Raman spectra (Fig. 6, Table 3) is based on
spectroscopic data for uvarovite—grossular—
andradite garnets (UGA) of Pinet and Smith
(1993), adopting their peak labelling (I to XVI)
and symmetry, kerimasite and related Ca,Zr,Ti-
rich garnet members (Schingaro et al., 2001;
Katerinopoulou ez al., 2009; Zaitsev et al., 2010;
Galuskina et al., 2005, 2010a—d, 2013a,b) and
comparison of data for uvarovite (Chopelas,
2005) and other silicate garnets (Kolesov and
Geiger, 1998). The absence of internal vibrations
in the region between ~3300 and 3700 cm ™' show
negligible (if any) (OH)™ anion content in the
kerimasite studied.

(I-IV): Raman peaks in spectral region
~700—1000 cm ™! represent symmetric stretching
vibrations in (Z—Qy) tetrahedra. The 819—821 to
987 cm ™! bands indicate the presence of (Si04)*~
tetrahedra, whereas 731—732 and 782—783 cm ™'
bands are typical for symmetric Fe**—O (and/or
Al—0) stretching vibrations of [(Fe**, AD)04]°~
tetrahedra (Schingaro ef al., 2001; Katerinopoluou
et al., 2009; Galuskina et al., 2010b—d, 2013a,b).
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Fic. 9. Hf vs. Zr compositional diagram (atomic proportions) of kerimasite from the Vysoka-Zlatno skarn in
comparison with other known occurrences (Galuskin, 2005; Galuskina et al., 2005, 2010a—d, 2013a,b; Zaitsev et al.,
2010).
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(?V/VI): In the Pinet and Smith (1993) dataset,
both of these bands display strong dependence on
the Y-site cation. In the Al-Cr—Fe sequence, the
wavenumber of the (V) band decreases with
increasing atomic number, while in the (VI) band
the downshift is counterbalanced by the opposite
effect of ionic radius. Extrapolation to the Zr*"
cation would probably shift the (V) band to a
much lower wavenumber, while that of (VI) band
should increase. Despite the unknown effect of
charge at the Y site and of Fe** substitution at the
Z site, 574—577 cm ™! has been labelled
tentatively as either (V) or (VI) internal mode.

(VII-VIII): In UGA garnets (VII) remains a
single band with a wavenumber depending on the
Y-site cation, while (VIII) splits into separate
bands specific for particular substituents. Yet the
convergence of these two peaks in andradite
implies that they may merge in kerimasite to form
one dominant (VII) band at 500—501 cm ™.

(IX): The 412—414 cm™! (Z—0) band is
subject to a similar Y-site dependent shift as in
(V) due to the effect of octahedral Zr*" on shared
oxygen.

(X): The shoulder at 342—343 cm ' is not
clearly identified. Its intensity is nearly invariant
to the polarization direction, pointing to the (Xb)
band with A, symmetry.

(XI): The distinctive band at 300—302 cm ™'
was previously assigned to the (Xb) vibration with
A,, symmetry (Shingaro et al., 2001; Galuskina et
al., 2013a). However, due to strong variations
with orientation, we suggest an anisotropic mode,
probably the (XI) peak (E, mode). It usually
dominates this spectral region in all garnet
species, in contrast to (Xb), that usually appears
as a weak shoulder (Pinet and Smith, 1993).
Chopelas (2005) attributes the dominance of E,
modes over A, in this spectral region to magnetic
properties of transition metals in the Y position.

(XIV): This mode, unique to UGA garnets
(Pinet and Smith, 1993), is assigned to translation
of tetrahedra [(ZO4)ans]- In kerimasite it may be
split into a (SiO4)47 component at 265—266 cm !
and Fe*/Al-substituted components, vibrating at
lower wavenumbers.

(XV—=XVI): Bands at 242-243 and
151—152 cm™' appear in ranges typical of
vibrations involving divalent cations (Ca*") at
dodecahedrally coordinated X-site positions (Pinet
and Smith, 1993; Schingaro et al., 2001;
Galuskina et al., 2010b,c, 2013a,b). The former
fits the translation T,, mode of uvarovite
(Chopelas, 2005). In oriented measurements, the
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peak at 151—152 cm ™' varies in concert with the
E, mode at 300—302 em ' (XI), thus it may
represent the E, component of the (XVI) mode.
However, for further improvement of these
assignments a polarization study on oriented
kerimasite crystals would need to be undertaken.

Genetic conditions of kerimasite formation

The textural relationships of the investigated skarn
sample (R-1/677) indicate a high-grade, peak
contact-metamorphic assemblage of kerimasite
with monticellite, perovskite, spinel and Mg-rich
magnetite, whereas andradite, grossular, clintonite,
calcite, hydroxylellestadite—fluorellestadite, anhy-
drite and rare celestine show texturally younger
positions and probably belong to a retrograde
metamorphic association. Brucite, hydrotalcite,
clinochlore and valeriite represent the youngest,
relatively low-temperature assemblage. Scarce
sulfide minerals (pyrrhotite, cobaltpentlandite,
chalcopyrite, sphalerite, galena) probably precipi-
tated in various genetic stages, from high-temp-
erature contact metamorphism to low-temperature
hydrothermal overprint.

The backscatter electron images of kerimasite
crystals reveal two principal textural patterns due
to Zr, Ti, Fe and Al variations. The regular,
oscillatory concentric zoning (Fig. 2d,e) indicate
a primary growth of kerimasite during the peak
stage of the contact metamorphism, whereas
irregular patchy internal textures (Fig. 2f) indicate
partial alteration and dissolution-reprecipitation
of kerimasite as well as its partial replacement by
younger garnets (mainly andradite) during the
retrograde phase (Fig. 2b—c).

The presence of kerimasite, monticellite,
perovskite and other associated minerals indicate
a relatively Ca-rich and Si-poor (SiO, under-
saturated) environment during the contact meta-
morphic event. A primary source of zirconium in
the skarn is not clear; both clastic zircon from the
Triassic sediments or Zr input from intruded
granodiorite/diorite magma could be possible
sources. The Si-poor environment reflects the
primary lithology of the sedimentary protolith of
the Vysoka-Zlatno skarn, represented by the
Upper Triassic sequence of marl slates with
widespread limestone, dolomite, anhydrite and
gypsum beds, which was favourable to precipita-
tion of kerimasite, perovskite and other Si-
deficient minerals during the metamorphic over-
print (Fig. 10). Conversely, increased activity of
Si0, (or H4Si04) led to breakdown of kerimasite—
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kimzeyite and perovskite to andradite—grossular,
zircon and titanite:

Ca3Zr2(Fe,Al)2Si012 + CaTlO3 + 55102 =

Ca3(Fe,Al)2Si3012 + ZZI'SIO4 + CaTlSlO5

Analogous mineral assemblages, commonly
including Ca-Zr-(Ti) garnets (kerimasite,
kimzeyite, Zr-rich schorlomite), baddeleyite
(ZrO;) and/or other Ca-Zr-(Ti) oxide and silicate
minerals (zirkelite, tazheranite, zirconolite,
calzirite, baghdadite) as well as monticellite,
perovskite and other Ca-rich phases, are char-
acteristic for other calcic skarns and Ca-rich
xenoliths in volcanic rocks worldwide (e.g.
Al-Hermezi et al., 1986; Williams and Gieré,
1988; Jamtveit et al., 1997; Pascal et al., 2001;
Wenzel et al., 2002; Galuskin, 2005; Galuskina et
al., 2005, 2010a—d, 2013a,b).

A complete solid solution between synthetic
kerimasite (Ca;Zr,Fe,SiO;,) and kimzeyite

(CazZr,Al,Si0,) end-members was prepared at a
temperature of 680°C and pressure of 200 MPa
(2000 atm.), whereas CazZr,Fe,SiO, melts at
1290+£10°C in air (Ito and Frondel, 1967). A solid
solution between kerimasite and a kerimasite—
kimzeyite intermediate member (1:1) were synthe-
sized at temperatures of 550 to 700°C and 100 MPa
(1000 kg/cm?) pressure, but runs <550°C were not
succesful (Yamakawa et al., 1993). However,
Whittle et al. (2007) synthesized kerimasite,
kerimasite—kimzeyite and their Hf analogues at a
distinctly higher temperature of 1400°C.
Estimated temperatures for the formation of
kerimasite and associated garnets is during high-
temperature and low-pressure contact meta-
morphism exceeding 800°C for Wiluy rodingite-
like rocks (Galuskin, 2005; Galuskina et al., 2005,
2010a) or in the range 800—1000°C for skarn
xenoliths of the Upper Chegem Caldera
(Galuskina et al., 2010b,c, 2013a). The P-T

O Kerimasite
B Andradite, Grossular

O End-members

S A AAA X
(_Bdy Tzh?cnlky

Zr+Ti 10 20 30 40 50 60 70 80
Czt

FiG. 10. Triangular Si — Zr+Ti — Ca+Mg phase diagram (atomic proportions) of characteristic Ca-silicate and

Zr(Ti)-bearing minerals in calcic skarns and quartz (end-member formulae) in comparison with compositions of

kerimasite, andradite and grossular (including hydrated compositions) from the Vysoka-Zlatno skarn. Mineral

abbreviations: Qz — quartz; Zrn — zircon; Bdy — baddeleyite; Rt — rutile; Czt — calzirtite; Tzh — tazheranite; Zcn

— zirconolite; Zkl — zirkelite, Prv — perovskite; Cal — calcite; Dol — dolomite; Krm — kerimasite (kimzeyite,

schorlomite); Ttn — titanite; Bgh — baghdadite; Els — ellestadite; Cln — clintonite; Mtc — monticellite; Hol —
holtstamite; Adr — andradite; Grs — grossular.
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parameters of the peak-stage contact-meta-
morphic association from the Vysoka-Zlatno
skarn with monticellite, kerimasite, perovskite
and spinel could be compared with analogous Ca-
Mg skarn assemblages. Monticellite represents a
typical olivine-group mineral of high-temperature
skarns; it forms by breakdown of Ca- and Mg-rich
phases, especially forsterite, diopside and calcite
(e.g. Walter 1963a.,b; Tracy et al., 1978; Deer et
al., 1997; Galuskin et al., 2005). The upper
thermal stability and breakdown of monticellite is
constrained by several reactions with production
of akermanite, merwinite, periclase and forsterite.
The reactions indicate the temperature stability
field of the monticellite-bearing assemblages are
roughly between 7' ~550 and ~900°C at P
<200 MPa (2 kbar) and X(CO,) >0.1 (Deer et
al., 1997; Galuskin, 2005, and references therein).

Moreover, the maximum temperature of the
Vysoka-Zlatno skarn could be estimated on a final
eutectic crystallization of adjacent granodiorite
porphyry groudmass, based on two-feldspar and
Fe-Ti oxide geothermometry, which gives 700 to
720°C (Konec¢ny, 2002). The probable pressure
range results from an assumed emplacement
depth of the porphyry intrusion in the central
zone of the Stiavnica stratovolcano (~1.2 to
1.8 km), based on paleovolcanic reconstruction
(Lexa et al., 1999). Consequently, precipitation of
the peak-stage contact-metamorphic minerals of
the Vysoka-Zlatno skarn including kerimasite and
monticellite could be approximated at 7" ~700°C
and P ~50 to 70 MPa (0.5—0.7 kbar).
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